families containing leucine zippers, rel domains, HMG 4). The ZF DBD also fails to interact with its recognition site at Ϫ50 unless catalyzed by SWI/SNF (lanes 5 and boxes, tryptophan clusters, arm repeats, and ankyrin repeats either fail to interact with SWI/SNF or display 7). However, consistent with the transcription results, TFE-3 interacts with the nucleosomal HIV-1 promoter high specificity for either BRG1 or BRM complexes but not both. Interestingly, two critical components of the very strongly in the presence of both SWI/SNF and the ZF DBD (lane 8) whereas the ZF DBD alone does not Notch signaling pathway associate exclusively with BRM SWI/SNF and recruit this complex to natural target enable TFE-3 to bind (lane 6). A model depicting these results is shown in Figure promoters in vivo. This supports the notion that the BRM ATPase may be specifically dedicated to modulating the 1C. TFE-3 belongs to a class of proteins that does not interact with SWI/SNF and whose binding to chromatin chromatin structure of some genes that are regulated by this particular pathway. An examination of the recruitis not directly facilitated by this remodeling complex in vitro. Therefore, no targeted chromatin restructuring of ment of SWI/SNF to a variety of genes during cellular proliferation, differentiation, or signal transduction rethe HIV-1 promoter is catalyzed by SWI/SNF in the presence of TFE-3. However, a ZF DBD, which is insufficient veals an exclusivity of BRG1 or BRM association that occurs before transcriptional reprogramming. The final for transcription, can recruit SWI/SNF through a Ϫ50 CACC site to the nucleosome-repressed promoter. This switch to activation or repression is mechanistically diverse among tissue-specific, signal-activated, cell cyclegenerates an accessible structure extending to at least Ϫ177 which enables TFE-3 to interact and subseregulated, and housekeeping genes, and can be correlated with changes in histone modification, activator quently activate transcription. These results support the notion that among the multiple proteins that regulate binding, and relative ratios of CBP/HDAC. eukaryotic promoters and enhancers, only one may be required to initially target a remodeling complex to renResults der a genetic element accessible to interact with other factors in a temporal or conditional manner. The wideZinc Finger DNA Binding Domains Generate spread occurrence of ZFPs and their ability to target Chromatin Accessibility to Proteins that SWI/SNF to unique nucleosomal sites suggests that this Do Not Function with SWI/SNF may be a critical role for some members of this family. We have shown previously that a zinc finger DNA binding domain alone is sufficient to target hSWI/SNF to specific nucleosomal sites for stable remodeling. Transcription
Human SWI/SNF Is Targeted to Chromatin through Specific Zinc Fingers of the KLF and GATA Protein requires, in addition, an activation domain fused to the ZF DBD (Kadam et al., 2000). Based upon this observa-
Families that Preferentially Bind DNA To gain more insight into SWI/SNF recruitment by ZFPs, tion, we examined whether ZF DBD recruitment of SWI/ SNF to a chromatin-assembled promoter could generwe examined the nature of interaction between this remodeling complex and distinct structural motifs within ate a remodeled structure that was accessible to transcription factors which cannot normally bind to their different ZF DBDs. Our previous results indicated that hSWI/SNF can function with three ZFPs, Sp1 and the nucleosomal sites and do not function with SWI/SNF. To address this question, we focused on the helix-looperythroid factors EKLF and GATA-1, to facilitate chromatin remodeling and transcriptional activation (Kadam et helix protein, TFE-3, which is a potent transcriptional activator of the HIV-1 promoter (Sheridan et al., 1995) al., 2000). The Sp1 and KLF (Kruppel-like factors) proteins contain a C2H2 DBD consisting of three individual but does not function with hSWI/SNF (Armstrong et al., 1998; Kadam et al., 2000) . Plasmids containing the HIV-1 ZFs whereas the GATA family possesses two ZFs within a C4 structural motif (Mackay and Crossley, 1998). These promoter were assembled into chromatin using Drosophila embryonic extracts (Bulger and Kadonaga, domains are diagrammed in Figure 2A . Individual ZFs within both families have been shown to have distinct 1994) and examined by in vitro transcription and nucleosome remodeling. As shown in the transcription analysis roles in DNA and cofactor interaction; notably, the GATA-1 C-finger and KLF fingers 1 and 3 are most critiin Figure 1A , TFE-3 functions only when prebound to HIV-1 promoter DNA prior to chromatin assembly (lane cal for DNA binding (Bieker, 2001; Cantor and Orkin, 2002) . We purified recombinant forms of each ZF within 2). If added after assembly, it cannot access its binding site at Ϫ177 or activate transcription in the presence or the C2H2 and C4 DBDs to examine their individual roles in targeted SWI/SNF remodeling and transcriptional acabsence of purified hSWI/SNF (lanes 3 and 5). Addition of the ZF DBD from the erythroid factor EKLF to TFE-3 tivation. As shown in the DNase hypersensitivity experiment also fails to coactivate HIV-1 transcription through a Ϫ50 CACC element (lane 7). However, if hSWI/SNF is inin Figure 2B , C4 and C2H2 ZF DBDs each function with hSWI/SNF to direct chromatin remodeling (lanes 3-10). cluded with TFE-3 and the ZF DBD, robust transcription occurs which is dependent upon TFE-3 since the ZF Interestingly, when individual C4 zinc fingers of GATA-1 were examined in this assay, only the C-finger could DBD lacks an activation motif (lane 9). hSWI/SNF does not coactivate transcription with the ZF DBD alone (lane target SWI/SNF (lanes 11 and 12). Protein interaction studies by GST-pull-down experiments indicate that 8) or with TFE-3 in the absence of the ZF DBD (lane 5). To correlate these results with chromatin remodeling, SWI/SNF exclusively associates with the GATA C-finger whereas no binding is observed to the N-finger (see DNase 1 footprinting was performed on the assembled HIV-1 templates. As shown in Figure 1B nant BRG1 subunit ( Figure 2C ). The importance of SWI/ by ZFPs through association with specific ZFs within C4 and C2H2 DBD motifs that are the most critical for SNF interaction with specific KLF fingers was examined functionally by in vitro transcription of chromatin-assem-DNA binding. bled ␤-globin genes. In this case, individual fingers were tested for their ability to act as dominant negative inhibiSpecificity of BRG1 versus BRM SWI/SNF Complexes for Zinc Finger DNA Binding Domains tors of EKLF-dependent activation. As shown in Figure  2D , fingers 1 or 3 individually represses transcription by
We explored further the observed selectivity of hSWI/ SNF for ZF-containing proteins by examining which parintact EKLF (lanes 10, 11, 14, and 15) whereas finger 2 has no effect (lanes 12 and 13). A corresponding footticular form of SWI/SNF these factors associate with. Our purified preparation of hSWI/SNF is composed of print analysis of these chromatin templates in Figure 2E reveals that EKLF interaction with the ␤-globin promoter both BRG1-and BRM-containing complexes since a common subunit, INI1, is tagged ( Figure 3A) . In order to is abolished by addition of fingers 1 and 3 (lanes 5, 6, 9, and 10) but not by finger 2 (lanes 7 and 8) . These discriminate between the BRG1 and BRM complexes present in hSWI/SNF, we performed protein interaction results indicate that SWI/SNF is targeted to chromatin experiments using hSWI/SNF and GST-tagged ZF DBDs. using mouse erythroleukemia cell extracts. As expected, EKLF interacts strongly with SWI/SNF complexes conAs shown in Figure 3B confirm that this protein preparation is active (Figure  ken together, these results demonstrate that EKLF can functionally discriminate between native and recombi-4B, lanes 6-9). Native BRG1 and BRM SWI/SNF were examined by Western blotting to evaluate the efficiency nant BRG1 and BRM SWI/SNF complexes through interaction specificity (Figure 3) and that the BRM catalytic of separation of these complexes after immunodepletion ( Figure 4C ). These complexes were analyzed for subunit cannot replace BRG1 in ZFP-dependent transcription. their catalytic activity by measuring ATP hydrolysis (Figure 4D) . BRM SWI/SNF has lower ATPase activity than BRG1 complexes, consistent with previous reports (Sif determine whether EKLF interaction occurred through one of these sequences. Moreover, both ATPases are coexpressed in many cells, yet it is poorly understood why two mammalian homoOur analysis revealed that EKLF interacts specifically with the N-terminal region of BRG1 (BRG1-N) which logs of SWI2/SNF2 exist. A comparison of protein domains within the BRG1 and BRM subunits is diashares little sequence homology with BRM ( Figure 5B ). The importance of this interaction was confirmed funcgrammed in Figure 5A . BRG1-N spans the N-terminal residues 1-282 and shows high sequence divergence tionally by in vitro transcription and chromatin remodeling analyses by testing each of the three BRG1 domains from the corresponding region of BRM. BRG1-C1 contains a 99 base pair exon that is unique to BRG1, the as competitive inhibitors. As shown in Figure 5C , the BRG1-N protein is a potent inhibitor of SWI/SNF-depenconserved E7 sequence, and a portion of the lysinearginine (KR) region. BRG1-C2 spans the KR region and dent EKLF activation of chromatin-assembled ␤-globin genes, presumably by interfering with the ability of EKLF a bromodomain, both of which are conserved in BRM. We were interested in determining whether any of these to associate with this region of BRG1 within the native complex (lanes 15 and 16). The BRG1-N protein similarly regions within BRG1 were responsible for the observed functional specificity with zinc finger proteins. To adinterferes with EKLF-targeted chromatin remodeling by SWI/SNF ( Figure 5D, lanes 29-32) . Two other subdodress this, we expressed and purified recombinant proteins containing each of the three distinct BRG1 domains of BRG1 that do not interact with EKLF (BRG1-C1, -C2) have no effect on either transcription ( Figure  mains and performed GST-pull-down experiments to 5C, lanes 7, 8, 11, and 12) or chromatin remodeling ( Figure 5D, lanes 13-16 and 21-24) . These results demonstrate that the functional specificity between ZFPs and BRG1-containing SWI/SNF complexes is due to protein-protein interactions that occur through individual ZF within ZF DBD motifs and the N-terminal sequences of BRG1 which are nonhomologous with BRM.
BRG1 and BRM SWI/SNF Complexes Possess Unique Interaction Specificities with Different Protein Domains
We have shown previously that mammalian SWI/SNF preferentially associates with certain DNA binding proteins and that this may enable it to be targeted to specific promoters (Armstrong et al., 1998; Kadam et al., 2000) . To further understand the basis of factor selectivity, we screened representative classes of different transcription factors for their ability to preferentially interact with BRG1-or BRM-containing native hSWI/SNF complexes. We synthesized some factors by in vitro translation (Figure 6A ) and expressed others as GST-fusion proteins ( Figure 6B ). GST-pull-down and immunoblotting experiments revealed that some proteins fail to interact with hSWI/SNF whereas others associate preferentially or exclusively with BRG1-or BRM-containing complexes. In no case did we observe proteins interacting with equal affinity to both BRG1 and BRM SWI/SNF.
Among the factors that we examined, those that failed to interact with hSWI/SNF are: TFE-3 (bHLH); components of the Wnt signaling pathway, ICAT and ␤-catenin (ARM repeats); LEF-1 HMG DBD; and NF-B p50 (rel DBD). Factors that associate preferentially or exclusively with BRG1 SWI/SNF complexes include: c-fos, c-jun, and C/EBP␣ (LEU zipper), IRF-1 (TRYP cluster), and, as expected, the EKLF ZF DBD. Interestingly, two proteins of the ankyrin repeat family showed a strong interaction preference for BRM rather than BRG1 hSWI/SNF (also see Figure 3C ). These proteins, ICD22 and CBF-1, are critical regulators of the Notch signaling pathway and function with the cofactor Mastermind to activate transcription of chromatin-assembled templates (Fryer et al., 2002) . To confirm our in vitro observations, coimmunoprecipitation experiments were carried out using protein extracts from control and Notch2-expressing mouse myoblast cells using antibodies to CBF-1. As shown in Figure 6C , CBF-1 interacts specifically with BRM-containing SWI/SNF complexes in both Notch2-expressing and -nonexpressing cells. No association between CBF-1 and BRG1 SWI/SNF was detected.
Thus, out of eight distinct protein domains examined (lanes 3, 4, and 11) . either BRG1 or BRM SWI/SNF also coprecipitate with Instead, when DHFR is upregulated in proliferating cells, INI1 since it is a core subunit of both remodeling comSp1 and CBP are recruited (lanes 2 and 6), H3 and H4 plexes. Taken together, these results demonstrate that are acetylated, and H3 is methylated (lanes 7-9) . Upon BRG1 and BRM-containing SWI/SNF have distinct interdifferentiation, DHFR downregulation is associated with action preferences for regulatory proteins which can be the loss of Sp1 and CBP (lanes 14 and 18) The majority of promoters in our ChIP analyses interactivity of either SWI/SNF complex. To address these act with BRG1 rather than BRM. This correlates with issues and to gain further insight into promoter targeting protein-protein interaction experiments which showed by BRG1-or BRM-containing SWI/SNF, we examined that most transcription factors in our survey, which may protein occupancies of a variety of tissue-specific and recruit SWI/SNF to different promoters, associate with cell cycle regulatory genes during erythroid proliferation BRG1-containing complexes (Figure 6 ). BRG1 interacts and differentiation in mouse erythroleukemia cells. We with an erythroid-specific gene, ␤-globin, and cell cycle chose the ␤-globin gene, which is activated after chemiregulatory genes, p16, p21, and p27 whereas both BRG1 cally induced differentiation; the Cdk inhibitors p16, p21, and BRM bind to cyclin A. The preponderance of proand p27, which are also upregulated; cyclin A and the moter-associated BRG1 complexes in our studies may housekeeping gene, DHFR, which are downregulated reflect a more widespread role of BRG1 in cellular funcafter differentiation; and the T cell receptor␣ (TCR␣) tion as indicated by the severity of phenotype in BRG1 gene, which is permanently inactive in erythroid cells. knockout mice (Bultman et al., 2000) . This raises the In addition to analyzing these promoters for BRG1 and issue of identifying which genes BRM SWI/SNF com-BRM interaction, we examined the occupancy of other plexes regulate. In this regard, one intriguing observachromatin enzymatic complexes, the histone acetyltion is that BRM preferentially associates with proteins transferase CBP, and the histone deacetylase HDAC1. that regulate the Notch signaling pathway, CBF-1 and The histone modification status within the proximal pro-ICD22 ( Figures 6B and 6C ). Upon signaling, the transmoter of each gene was also determined. membrane Notch receptor is proteolytically cleaved to Chromatin immunoprecipitation (ChIP) analyses were release the ICD (Notch intracellular domain) which transconducted using antibodies to a variety of proteins inlocates to the nucleus and forms a complex with CBF-1. cluding the transcriptional activators EKLF, in the case This complex then activates Notch target genes which of the ␤-globin promoter, or Sp1, as a ubiquitous factor regulate a variety of cell fate decisions (Artavanis-Tsakofound on many promoters. As shown in Figure 7A tory genes. SWI/SNF recruitment generally occurs during proliferation indicating that the promoters we surDiscussion veyed are already poised for changes in transcriptional activity which will be induced by differentiation. It is Our studies reveal that human SWI/SNF complexes conapparent that different strategies are used to regulate taining either BRG1 or BRM as the catalytic subunit gene activity during this specific window of transition. interact specifically with different classes of regulatory Some promoters have dramatic changes in histone proteins. This property enables these enzymes to be modifications that correlate with altered gene expresselectively targeted to distinct sets of promoters to facilsion whereas others show a clear gain or loss of activaitate chromatin remodeling and transcription. This protors, coactivators, and corepressors or a combination vides a mechanistic basis for members of these two of both processes. The fascinating diversity of transcripbroad categories of SWI/SNF to regulate different protional mechanisms and the temporal order of specific grams of gene expression. We find that representatives regulatory events have been demonstrated in several of the zinc finger family of proteins interact exclusively elegant studies (Cosma, 2002) . In our analysis, BRG1 or with BRG1-containing SWI/SNF and recruit these com-BRM, but not both, exclusively interacts with most SWI/ plexes to specific chromatin sites. The ability of SWI/ SNF-responsive promoters. This correlates well with our SNF to coactivate ZFP was first shown with nuclear protein-protein interaction experiments which reveal hormone receptors (Yoshinaga et al., 1992) . The ZFP that among the factors we examined the majority associfamily is the largest class of transcription factors, and ate preferentially with BRG1 or BRM or have no affinity many members have diverse roles in critical cellular for either form of SWI/SNF. In no case do we observe processes. The ZF domain is a ubiquitous structural equivalent binding to both BRG1 and BRM. It is possible element that exists in several major motifs. For example, that the recombinant and in vitro translated forms of the C2H2 motif is the most abundant eukaryotic DNA these proteins fail to interact without other cofactors or binding element which is estimated to be present in modifications. However, the clear binding preferences 600-700 proteins. We determined that SWI/SNF interacts observed for a number of factors strongly support the with ZFPs through the ZF DBD and the BRG1 ATPase.
notion that gene-targeted SWI/SNF activity can be reguThe basis for the observed specificity between ZFPs lated by highly specific protein interactions which disand BRG1 complexes is that interaction occurs within criminate between the two ATPases. a domain of BRG1 that is nonhomologous with BRM.
The BRM ATPase is expressed at high levels in differWe then examined the role of individual ZFs within two entiating cells, yet the functional role of this protein and structural motifs, C2H2 and C4, in mediating BRG1 SWI/ the identity of the genes it regulates are poorly under-SNF function. Using the erythroid factors EKLF and stood. In this regard, our observation that two compo-GATA-1 as representative proteins that contain C2H2 nents of the Notch signaling pathway, CBF-1 and ICD22, and C4 domains, respectively, our studies demonstrate strongly associate with BRM but not BRG1 is especially that BRG1 binds to individual ZFs which are the most intriguing. This pathway controls cell fate commitment in a broad range of developmental processes. We find critical for DNA binding. This may seem paradoxical;
